INTRODUCTION
Today, most of the major power systems around the world are experiencing an increase in wind in their generation mix. This is causing concerns over the stability of the grid and other difficulties in system operation. Though some subjects such as voltage and reactive power control, power quality requirements, and fault ride-through capability have already been carefully examined, some other rising issues still remain to be addressed. For example, conventional synchronous generators play a pivotal role in primary frequency control and all other frequency regulations; however, because of the absence of synchronization torque for variable-speed wind generators, a higher penetration of wind generation might continuously lead to the decrease of overall system inertia as well as the reduction of frequency regulation capabilities [1] [2] [3] [4] [5] . Another serious issue is the inter-area oscillation. Many studies have repeatedly shown that replacing conventional generation with doubly fed induction generator (DFIG)-based wind farms has a significant negative effect on the damping of inter-area modes [6] [7] [8] [9] . Moreover, for the Eastern Interconnection (EI), the majority of existing and future wind generators are located in the northwestern part of the system, which is far from the load centers in the northeast. Thus, new transmission lines might be necessary to transmit wind energy from western generation centers to eastern load centers, which may introduce new, poorly damped inter-area modes, as well as influence the damping of existing ones.
However, thanks to the development of modern power electronics technology, the answer to the aforementioned problems wind generation causes could lie in wind generation itself. Though the steadystate active power delivered to the grid depends solely on the mechanical energy transferred from the wind turbines, the electrical power of variable-speed wind generators can be effectively controlled by modern electronics converters in a fast manner. As a result, wind generators have significant control capabilities to engage in bulk power system frequency regulation and oscillation damping, especially when the wind penetration is considerably high.
Solar photovoltaic (PV) generation is another important category of renewable energy sources. Originally limited by the low efficiency of silicon solar cells, the capacity of PV systems remained as low as the kilowatt level until quite recently and could only be treated as distributed generation in the local microgrids [10] [11] [12] [13] [14] . However, because of the dramatic enhancement of silicon solar cell technology in recent years, the capacity of a single PV plant can now finally reach the 100 MW-level [15] , and thus PV generation is widely expected to be able to reach a high penetration in the future generation mix. In fact, PV generation is gradually approaching electric power market prices and their penetration has been steadily increasing. Especially considering that the amount of solar energy reaching the Earth is more than 10,000 times the current global energy consumption, solar energy has been considered by some people as the ultimate solution to the energy problem.
Similar to variable-speed wind generators, maximum power point tracking (MPPT) operation of PV generation has also been extensively studied by academia to realize the maximum power extraction from PV panels [16] [17] [18] [19] [20] . However, under MPPT operation mode PV generation does not participate in any frequency regulation or oscillation damping service for the bulk power grid since the panels' production is maximized and not coordinated with the grid. With increasing penetration, it could be beneficial to modify PV operations to include it in frequency support and small-signal stability control for bulk power systems.
In this report, fast active power control techniques of wind/PV generators will be discussed, and the application of those controls to the EI system frequency regulation and oscillation damping will be introduced. Chapter 2 investigates the control of variable-speed wind generators, while Chapter 3 focuses on the PV generator control. A summary of the whole report is given in Chapter 4.
VARIABLE-SPEED WIND GENERATION CONTROL

FAST ACTIVE POWER CONTROL OF WIND GENERATORS
Variable-speed wind generators mainly refer to permanent-magnet synchronous generators (PMSGs) and DFIGs. A PMSG contains a multi-pole magnetic rotor and a back-to-back AC/DC/AC converter attached to the stator. The energy is transmitted through the converter from the stator to the grid, and, consequently, the generator is fully decoupled from the grid. DFIGs are more common, with rotors connected to the power system through converters that provide AC excitation current, and stators connected directly to the power system for delivery of generated power. During normal conditions, power electronics converters enable the variable-speed wind generators to capture wind energy over a wide range of wind speeds to their maximum extent (MPPT operation), improve power quality, and regulate both active and reactive power.
During transient conditions, additional controllers could be installed on the converters or pitch controllers to achieve fast active power controls [21] [22] [23] [24] [25] [26] [27] [28] . In some studies, variable-speed wind generators could transiently support system frequency by implementing kinetic energy-based active power control techniques such as "hidden" inertia emulation, fast power reserve emulation, inertia droop control, etc. These techniques enable wind generators to provide an "artificial" inertial response that behaves in a manner similar to conventional generators [28] . This type of control uses the kinetic energy stored in wind turbines to inject more active power into the power grid within seconds. The active power output is only increased temporally, thus the normal operating point of wind generators remains unchanged. General Electric ® offers a commercial inertia droop control, known as WindINERTIA® based on this concept [29] . Besides the inertial response, the function of power system stabilizers (PSS) in conventional generators could also be emulated by using a kinetic energy-based active power control technique [30] [31] [32] [33] [34] [35] [36] [37] . In this manner, variable-speed wind generators could also contribute to the power system smallsignal stability. It should be noted that the sustained loss of kinetic energy would cause the rotational speed of a wind turbine to decrease and the turbine to stall if the rotational speed falls too low. Consequently, appropriate limits need to be imposed to avoid removing too much the kinetic energy.
As discussed previously, normally wind generation works on the MPPT curve to use wind power to the fullest extent, since wind energy is both environmentally friendly and low cost. However, if wind turbines operate over de-loading curves rather than MPPT then some of the available power can be saved and used as reserve by pitch control or by increasing the rotational speed from the MPPT value (usually referred to as over-speeding, shown in Fig. 1 ). These mechanical control techniques could be implemented to enable wind generators to emulate the frequency droop characteristics ("governor response") of conventional generators. However, the time constant of pitch control is relatively large for these control techniques when implemented in practice, and frequent adjustment of pitch blades could radically reduce their lifetime. So pitch control is neither practical nor economical for fast active power control purposes. Conversely, rotational speed control is provided by the power electronics converter, thus it could act in a considerably fast manner, which makes possible the use of power reserve saved by over-speeding to balance the instantaneous power consumption and provide support for the long-term frequency regulation [21] . Furthermore, wind generation could also perform automatic generation control (AGC) regulation as effectively as conventional generation if reserves exist with the help of fast active power control. However, there does not appear to be any research at this point on the topic of wind generation performing AGC.
In summary, by implementing fast active power control techniques, variable-speed wind generators could emulate the inertial and governor response characteristics of conventional generators to provide frequency regulation service and PSS function to contribute to small-signal stability in bulk power systems. 
WIND GENERATOR AND POWER SYSTEM MODEL
Wind Generator Model
This chapter evaluates the potential contributions of variable-speed wind generators to frequency regulation and oscillation damping in the EI system. PSS®E has the capability to handle both large-scale power system dynamic simulation and wind generation system modeling, and is thus employed in this chapter's simulation. The variable-speed wind generator model used in this chapter's simulation and the buildup of the EI simulation scenarios are introduced in this section. Since DFIG is currently the prevailing wind generation type, variable-speed wind generators are simulated as DFIGs in this chapter. The WT3 wind turbine stability model was developed in PSS®E to simulate the performance of a wind turbine employing a DFIG with the active control by a power converter connected to the rotor terminals [38] . There are four basic components of the WT3 model (shown in Fig. 2 ), namely:
Typical parameters of a GE® 1.5 MW wind generator from PSS®E are employed in the simulations of this study. In order to realize the fast active power control techniques discussed within this report, a userdefined electrical control model has to be developed in PSS®E based on the original WT3E model using FORTRAN®. Please note that since pitch control and reactive power control are not considered in this study, WT3P part is ignored and constant reactive power control mode is selected in all the simulations. 
Power System Model
The Eastern Interconnection is one of the two major alternating current power grids in North America. It reaches from central Canada eastward to the Atlantic coast (excluding Quebec), south to Florida, and back west to the foot of the Rocky Mountains (excluding most of Texas). A 16, 000-bus dynamic model of the region is selected as the base case in this study's simulation. The total generation capacity of this model is around 590 GW, which includes roughly 3,000 generators. (This model is protected by a Non-Disclosure Agreement with Tennessee Valley Authority, thus no detailed information is allowed to be released). However, no wind generation is modeled in the original model; therefore a simulation scenario with 5% capacity of wind penetration was developed by the author.
Simulation Scenario Construction
In this study to simulate a relatively realistic penetration of wind generation in the EI system, 5% of EI generation capacity is converted to wind generators. Their locations are shown in Fig. 3 . Though most of the wind generators are located in the northwest area of the EI, a significant number of offshore wind farms are projected to be installed in the future, possibly as shown in Fig. 3 . It should be noted that most of both existing and planned wind generators are located on the edge of the EI system, which gives them more potential to help dampen the inter-area oscillations. Since wind generators are used to replace the same amount of conventional generation in the EI, the original power flow remains unchanged. 
CONTRIBUTION OF WIND GENERATORS TO FREQUENCY REGULATION
To enable variable-speed wind generators to engage in frequency regulation, several active power control techniques are employed in the user-defined PSS®E WT3 electrical control model, including wind inertia control, wind governor control, and wind AGC control. These control techniques are introduced in this section.
Wind Inertia Control
The wind inertia control discussed here is of the same philosophy as GE WindINERTIA® technology, the objective of which is to let variable-speed wind generators provide inertial responses in a similar to conventional generators. Droop control is used to produce active power output change that is proportional to the frequency deviation, which is given by
where is the measured system frequency and is the reference frequency. The structure of wind inertia droop control is shown in Fig. 4 in which the frequency deviation goes through the gain, low-pass, and washout blocks. 
Wind Governor Control
As discussed in Sect. 2.1, if working in an over-speeding zone, wind turbines could decrease their rotational speed to release the power reserve in seconds. Therefore, governor response could be achieved on wind generation using the wind reserve. Again, droop control is used, and the wind governor control is shown in Fig. 5 . 
Wind AGC Control
AGC maintains the long-term balance of system generation and consumption in the bulk power system. Though no paper has covered this topic yet, a wind generator could respond to the AGC regulation order from the operator as effectively as conventional generators as long as the reserve exists. Actually, due to the fast response speed of power electronics converters, the power output of wind generators could ramp up/down quickly, which makes wind generation systems good candidates for AGC regulation. The disadvantage of this control technique is that it leaves some wind energy unharvested during normal conditions in order fulfill the reserve requirement.
Case Study-Generation Trip
To evaluate the potential contribution of wind generation to the EI system frequency regulation, a case consisting of a 1000 MW generation trip is simulated under various control scenarios in this section. The frequency responses following the event are shown in Fig. 6 , and the active power outputs of a typical wind farm are shown in Fig. 7 .
From Fig. 6 and Fig. 7 , if only with wind inertia control (green line), the wind generator increases its active power temporarily in the several seconds following the generation trip disturbance by using the kinetic energy stored in the wind blades. As discussed previously, the active power increase cannot be sustained indefinitely due to the limited amount of kinetic energy. Thus, the wind generator active power output will decrease after the temporary active power surge is complete, as the kinetic energy of the turbine blades is "recharged." During this time the turbine speed can be observed to go through a deceleration phase to release some amount of kinetic energy followed by an acceleration phase to recharge, which is shown in Fig. 8 . Apparently, while the wind inertia control function did not contribute to the long-term frequency recovery, it did help reduce the frequency drop nadir, which is shown in Fig.  6 . If deployed only in wind governor control mode, wind generators would behave just like conventional generators but with much faster response times (Fig. 7, red line) . This means the wind generator active power output would ramp up to a higher level because of the existence of the "governor" function and the wind reserve would be used by moving the operation point away from the over-speeding zone to some extent. In this way, the governor control could help reduce not only the nadir but also the steady-state frequency deviation.
If the inertia and governor control are applied together, the frequency nadir would be reduced further and the steady-state frequency deviation would also decrease (Fig. 7, aqua line) . However, to further reduce steady-state frequency deviation, AGC commands should be considered. In the last scenario of Fig. 6 and Fig. 7 , all the wind generators receive the AGC command at the 10 second mark to increase their active power outputs. In this case, the steady-state frequency deviation would be reduced further, even back to the nominal value.
Furthermore, as shown in Fig. 9 , reactive power outputs of variable-speed wind generation in all cases are similar because the constant reactive power control mode is selected for all of them. 
Case Study-Load Shedding
Please note that wind generation could also contribute to the frequency response improvement in load shedding cases. In this case, instead of decreasing wind turbine speed and releasing the reserve, wind turbines accelerate to store more energy in the blades and save more reserve so the frequency excursion would be reduced. To demonstrate this, a load shedding event of 724 MW was simulated. Similar to the generation trip case, system frequency response, active power, turbine speed, and reactive power are shown in Fig. 10 to Fig. 13 , respectively. 
Frequency Regulation Movie Display
To demonstrate the overall effect of wind generation control on the EI frequency regulation, a movie was made based on the EI simulation data, a snapshot of which is given in Fig. 14 . Each red dot in the right side map in the movie stands for one bus chosen for observation in the system, and a contour drawing method was used to give the whole picture of the EI. The top set is the system with controls while the bottom is the same system without them. From Fig. 14, it is clear that the EI system frequency response could be improved dramatically, including both frequency drop nadir and steady-state frequency deviation. 
Discussion
Nowadays, though wind penetration is still very low (3.4% of all generated electrical energy in the US in 2012 and 5% of total capacity in this scenario), variable-speed wind generation already has the ability to contribute to the frequency regulation effectively. If wind generation penetration could finally reach 20% of US electricity by 2030, as expected by the US Department of Energy's 2008 report, wind generation would be the game-changer of the frequency regulation service market and therefore the corresponding control strategies should be well studied.
CONTRIBTUION OF WIND GENERATORS TO OSCILLATION DAMPING
Inter-area oscillation is another serious issue brought about by increasing wind generation. The wind generation's potential in oscillation damping has already been noticed by many researchers [30] [31] [32] [33] [34] [35] [36] [37] . In this section, the potential of variable-speed wind generation's contribution to oscillation damping in the EI will be investigated. The kinetic energy stored in wind turbines is the ideal energy source for oscillation damping because of its small time constant.
Wind PSS Control
For conventional generators, a power system stabilizer adds damping to the generator rotor oscillations by producing a component of electrical torque in phase with the rotor speed deviations. A control structure similar to a conventional generator's PSS could also be employed by variable-speed wind generators for oscillation damping (Fig. 15) , which is referred to as wind PSS in this study. The signal washout block serves as a high-pass filter, with time constant high enough to allow signals associated with oscillations to pass unchanged. Either a local or wide-area control signal could be used as the input to the wind PSS controller. 
Oscillation Damping Using Local Signal
Fed by a local frequency signal, wind PSS could efficiently damp the local frequency fluctuation or oscillation. A case study of the EI system wind generators in damping local frequency oscillation triggered by a line trip is given below. From Fig. 16 , it is obvious that the local frequency oscillation is well damped by the local wind control. The corresponding active power fluctuation is shown in Fig. 17 . It is clear that the wind generator provides an effective damping electrical torque to damp the local frequency oscillation. Just like conventional PSSs, wind generation PSS could also play a significant role in inter-area oscillation damping. In this following case study, a generation trip of 814 MW in Florida is simulated to trigger the inter-area oscillation between the northwest and south (NW-South) regions of the EI, as monitored by the FNET/GridEye system (a frequency monitoring system operated by the University of Tennessee and Oak Ridge National Laboratory) in the actual EI system [39] . Even fed by just a local frequency signal, the inter-area oscillation damping effect of wind PSS is still significant, as shown in Fig. 18 . 
Inter-Area Oscillation Damping Using Wide-Area Signals
Nevertheless, previous studies have demonstrated that introducing a wide-area signal to PSSs could improve the inter-area oscillation damping effect to a great extent. In this case study, if introducing the frequency difference of NW-South as the input signal to wind PSS, the oscillation between NW-South could be damped much more effectively than just using a local frequency signal, which is shown in Fig. 20) , which implies the necessity of the coordinated wide-area control. 
It should be noted that the inter-area oscillation between northwest-northeast (NW-NE) could be negatively influenced (shown in
Coordinated Inter-Area Oscillation Damping Using Wide-Area Signal
To further improve the overall oscillation damping effect, a simple coordinated strategy is developed in this section. As long observed by the FNET/GridEye system [39] , the main oscillations in the EI involve three main areas: NW, NE, and south. The coordinated wide-area wind PSS controller of each wind generator proposed in this section would automatically compare the frequency differences between two areas, such as NW-South and NW-NE, and always choose the larger one to damp. In this way, a coordinated oscillation damping effect could be achieved. A case study is given subsequently. A generation trip of 814 MW is simulated in the Florida region of the EI to excite the oscillation between south and NW and between south and NE. The inter-oscillation damping results using both local signal control and coordinated wide-area control are shown in Fig. 21 and Fig. 22 . From the results, using a local signal could already damp the oscillation significantly, but if with coordinated wide-area control, the inter-area oscillation could be damped almost completely. 
Inter-Area Oscillation Damping Movie Display
To demonstrate the overall effect of wind generation control on the EI frequency regulation, a movie was also made based on the EI simulation data, one snapshot of which is given in Fig. 23 . From the figure, it is clear that the EI inter-area oscillations could be damped effectively with the wide-area wind generation control. 
Discussion
Though promising as shown in this section, only a very simple controller design is employed in this study so far. The controller design definitely needs to be improved, and the parameters need to be tuned. Furthermore, the majority of wind generation capacity is located in the northwest part of the EI, which means only the oscillations involving the northwest part may be well damped. However, with the planned offshore wind generators in the northeast and south part of the EI system, wind generation has great potential in the EI system for oscillation damping.
SUMMARY
Based on the 16,000-bus EI model and the user-defined wind generator electrical control model, a relatively realistic scenario of the EI system with wind power was used to evaluate the potential contribution of variable-speed wind generation to EI system frequency regulation and oscillation damping. Simulation results demonstrate that current and future penetration of wind power is promising in providing frequency regulation and oscillation damping service in the EI system.
PV GENERATION CONTROL
BACKGROUND
As discussed in Chapter 2, variable-speed wind generators can work in the over-speed zone instead of MPPT mode to retain power reserve for frequency regulation and oscillation damping. Furthermore, they have great potential to contribute to the EI system frequency regulation and oscillation damping even at a relatively low penetration (5%). Photovoltaic systems may have similar characteristics within the grid. Thus, with the increasing penetration, it may also be beneficial to include PV generation in the bulk power system frequency support and small-signal stability control.
One important feature of PV generation systems is that, unlike wind and conventional generators, they do not involve any rotating mechanical parts, fully relying on the power electronic inverter/converter interface to be interconnected to the grid. This means that the PV generation system inherently has a very small time constant and thus a significant capability to participate in frequency support and contribute to small-signal stability if with additional control loops. As depicted by the P-V characteristic of the PV panel in Fig. 24 , the active power of the PV panel could be controlled flexibly by adjusting the output voltage. Again, because of the fast response speed of power electronic devices, a PV plant's active power output could be controlled in a fast manner. Similarly, to retain some power reserve for frequency support and oscillation damping, a PV plant needs to work in the de-loaded (or "over-voltage") zone instead of MPPT operation mode (in Fig. 24 ). In this way, the retained power reserve can be used to improve frequency regulation and oscillation damping in the bulk power system. 
PV GENERATION MODEL
To investigate the role that PV generation may play in the EI system frequency regulation and oscillation damping, PV generation needs to be inserted into the EI model in PSS®E. In PSS®E version 32, because of the structural similarity between solar PV plant and the PMSG wind generator, the solar PV unit dynamic stability model was developed in PSS®E based on the WT4 PMSG model to simulate the performance of a PV plant connected to the grid via a power converter [38] . As depicted by Fig. 25 , the PV generic wind model can include the following modules: Apparently, the IRRAD module introduces the impact of solar irradiance into the dynamic simulation. For this study we assume that solar irradiance changes are not a significant factor and so the modules of IRRAD and PANEL are not included in this chapter's simulations. Studies under varying solar conditions could be evaluated in a later project.
To achieve the wide-area control of the PV plant's active power output for frequency regulation and oscillation damping, additional controllers need to be designed and incorporated into the current PV electrical control module. Similar to what was done in Chapter 2, a user-defined PV electrical control module that could incorporate additional active power controllers was developed in this chapter. Note that typical parameters from PSS®E are employed.
CONTRIBUTION OF PV TO FREQUENCY REGULATION
Similar to the frequency regulation control of variable-speed wind generators, several active power control techniques are employed in the user-defined PSS®E PV electrical control model to enable PV generations to engage in frequency regulation, including PV inertia control, PV governor control, and PV AGC control.
PV Inertia Control
The PV inertia control mentioned here is of the same structure as the wind inertia control technology introduced in Chapter 2, the objective of which is to allow PV generation to provide the "artificial" inertial response. Again, droop control is used to produce active power output change that is proportional to the frequency deviation, which is given by
where is the measured system frequency and f ref is the reference frequency. The structure of PV inertia droop control is shown in Fig. 26 . The only difference between PV inertia droop control and wind inertia droop control is that the output of this controller is the change of active power order ∆ , not current command ∆ as in the wind case. 
PV Governor Control
As discussed in Chapter 2, if working in the over-speed zone, wind turbines could decrease their rotational speeds to release the power reserve in seconds; therefore, the governor response could be emulated on wind generators using the wind reserve. Similarly, if working in the over-voltage zone, the PV panel could also decrease its output voltage to release the retained power reserve to emulate the governor response. The structure of the PV governor controller is shown in Fig. 27 . Again, the output is active power order change ∆ , not current command ∆ in the wind case. 
PV AGC Control
As demonstrated in Chapter 2, variable-speed wind generators could respond to the AGC regulation order from the operators as effectively as conventional generation if reserve exists. Because of the fast response speed of power electronic converters, PV generation could also realize the AGC control easily, even faster. The only disadvantage is still the waste of reserve during normal operating conditions.
Case Study-Generation Trip
To demonstrate the effectiveness of the frequency support of the PV plant, a generation trip of the EI (with 5% PV penetration) is simulated in this section as a case study. Fig. 28 describes the frequency responses of the EI with different PV control schemes, while in Fig. 29 one typical PV plant's active power outputs are given.
Depicted by the green line in Fig. 28 and Fig. 29 , PV inertia control can significantly reduce the frequency drop nadir by increasing the PV plant's active power in the several seconds following the event but not help with the longer-term frequency recovery since the increased active power gradually diminishes because of the control. Comparatively, if only with PV governor control (red line), the PV plant is able to reduce both the frequency drop nadir and the long-term frequency deviation, due to the existence of a "governor" function. Of course, the active power increase is physically limited by the amount of reserve retained. Though the combination of PV inertia control and PV governor control does improve the frequency response further (aqua line), it reveals that PV AGC control is still highly desirable since PV generation plants have the ability to respond to AGC regulation orders in an unprecedentedly fast manner. From 29, after receiving the AGC order at the 10 second mark, the active power of PV generation rises to its new operating point almost immediately, which indicates the fast speed of power electronic devices.
Case Study-Load Shedding
Note that PV plants can also contribute to frequency response improvement in load shedding cases. In this scenario, instead of decreasing PV panel voltage and releasing the reserve, the panel voltage is increased to retain more reserve so that the frequency excursion will be reduced. To demonstrate this, a loadshedding event of 724 MW is simulated in the EI. Similar to the generation trip case, power system frequency response and active power are given in Fig. 30 and Fig. 31 , respectively. 
CONTRIBUTION OF PV TO OSCILLATION DAMPING
Besides frequency regulation, oscillation damping is another important contribution that a PV plant could make with appropriate control schemes. Employing the same inter-area oscillation damping strategies developed in Chapter 2, the great potential of a PV plant in the EI inter-area oscillation damping is demonstrated in this section. The same event (a generation trip of 814 MW) in Chapter 2 is simulated in the Florida region of the EI to excite the oscillation between south and NW regions and between south and NE regions. The inter-area oscillation damping result using the coordinated wide-area control is shown in Fig. 32 . From the results, if with coordinated wide-area control, the inter-area oscillation could be damped almost completely. One snapshot of a movie showing the damping effect of PV PSS is also given in Fig. 33 . 
COMPARISON BETWEEN WIND AND PV CONTROL
In this section, the performance of wind and PV generators are compared to understand them thoroughly and to develop corresponding strategies in the EI frequency regulation.
Comparison of Wind and PV Inertia Control
Wind inertia control enables the wind generator to increase its active power temporarily in the several seconds (2-8 s in Fig. 34 ) following the generation trip by use of the kinetic energy stored in the wind blades. However, the active power increase cannot be sustained, and after the temporary active power surge, the wind generator active power output would go through a "dip" (10-20 s in Fig. 34 ), during which the inertial energy of the turbine blades is "recharged." At the same time, the turbine speed goes through the phase of "deceleration" to release some amount of kinetic energy and the phase of "acceleration" to "recharge." Unlike variable-speed wind generators, a PV plant with the same inertia control scheme acts in a different way. Fully depending on the adjustment of PV panel output voltage to provide the inertial response for frequency support, a PV plant does not have a "dip" of active power output as do wind generators (blue line in Fig. 34) . As a result, the EI frequency response with the PV inertia control also does not have an obvious "dip" (blue line in Fig. 35 ). 
Comparison of Wind and PV Governor Control
In this subsection, the performance of wind and PV generators with governor control is compared. The time constant of wind generators is expected to be much larger than PV because of the involvement of rotating mechanicals such as the wind turbines. This time constant difference can be reflected in the comparison of wind and PV governor control.
In Fig. 36 , because of the same gain parameter of wind and PV governor control, the final active power increases in two cases are identical. However, wind and PV systems display totally different dynamics. Because of the small time constant, a PV plant reacts to the frequency change much more promptly than wind generators and thus proves to be more effective in reducing frequency drop nadir. Furthermore, it is interesting to point out that PV governor control can also help damp the frequency oscillations to some extent, as shown by Fig. 37 . 
Comparison of Wind and PV AGC Control
The effect of the smaller constant of a PV plant is even more obvious in the AGC control. In Fig. 38 and Fig. 39 , after receiving the AGC control signal, it takes about 10 seconds for wind generators to finally reach their new operating point, which is already much faster than the conventional generators. However, for the PV plant, it almost manages to change to a new operating point simultaneously after receiving the order, which demonstrates the effectiveness of PV AGC control. 
CONSTRUCTION OF SIMULATION SCENARIOS WITH HIGH RENEWABLE PENETRATIONS
In all the previous case studies, the EI simulation scenarios with 5% wind or PV penetration have been used to evaluate the potential contributions of variable-speed wind or PV generators to the EI system frequency regulation and oscillation damping. However, in the future the penetration of renewable energy resources in the EI is expected to far exceed 5%. Therefore, EI simulation scenarios with high penetrations of renewable generation are highly desirable.
The same method used in the 5% penetration simulation scenario was also used in this section: a certain portion of active power output of a selected list of conventional generators is converted to wind or PV generators, but the reactive power remains unchanged. In this way, a voltage stability problem is unlikely to occur. Based on the author's experience with the16,000 bus EI system simulation, there are some other guidelines that should be noted to avoid numerical instability:
• No more than 50% of the active power should be converted to renewables.
• Generators whose capacity exceeds 1500 MW should not be converted.
• Wind and PV generators should not be attached to the same bus.
Note that the guidelines are based on experience with the 16,000-bus EI model. So far, the simulation scenario with 20% penetration of wind or PV has proved to be numerically stable.
SUMMARY
Based on the 16,000-bus EI model and the user-defined PV generator electrical control model, a relatively realistic scenario of the EI with PV penetration was used to evaluate the potential contributions of a PV plant to the EI system frequency regulation and oscillation damping. Simulation results demonstrate that current and future penetrations of a PV system are promising in providing frequency regulation and oscillation damping service.
CONCLUSIONS
This report presents a comprehensive study of the capability of renewable energy sources (including both variable-speed wind generators and PV generators) for frequency regulation and inter-area oscillation damping in the EI system. Specifically, based on the user-defined wind/PV electrical control model developed in this report and the 16,000-bus EI dynamic model, various controllers for frequency regulation and inter-area oscillation damping were developed and the potential contributions of renewable energy sources to the EI system frequency regulation and inter-area oscillation damping were evaluated. Simulation results demonstrate that even at a relatively low penetration level (5% in this report's simulation) renewable energy resources could already contribute significantly.
